a high affinity for methyl-CpG pairs (that is two basepaired CpGs, each methylated). The methyl-CpG binding domain, or MBD, is 80 amino acids in length and is essential for chromosomal localization of the protein 1996) . Mouse cells that are deficient in methyl-CpG show inefficient localization of MeCP2 to chromosomes. Thus MeCP2 is a methyl-CpG binding protein in vivo as well as in vitro (Nan et al., 1996) . Analysis of the functional role played by MeCP2 has been crudely assessed by disruption of the X-linked gene in mouse embryonal stem cells. Cells lacking the gene are viable, but are incapable of supporting mouse development . The embryonic lethal phenotype of MeCP2 Ϫ mice, while suggesting that MeCP2 is an essential mediator of the biological effects of DNA methylation, does not betray the nature of the biochemical lesion. In this study, we have investigated the possibility that MeCP2 is a transcriptional repressor. Previous efforts to test this foundered because the enriched fractions that were tested repressed transcription indiscriminately . We now find that MeCP2 possesses an effective transcriptional repression domain. The abundance of methyl-CpG in the genome and ability of MeCP2 to interact with nucleosomal chromatin, even in the presence of histone H1, suggest that the effects of MeCP2 may be generally felt throughout the methylated majority of the genome.
Results

MeCP2 Specifically Represses Methylated Genes In Vitro
MeCP2 was purified from rat brain using ion-exchange and affinity chromatography. Because the protein naturally contains a run of 7 histidines, we utilized a nickelagarose affinity step, and this resulted in an MeCP2 preparation that gave a single Coomassie blue-stained band on an SDS-polyacrylamide gel (not shown). Previous studies showed that enriched MeCP2 from rat tissue Transcription from nonmethylated (MϪ) and methylated (Mϩ) adeusing rat liver nuclear extract . Benovirus major late promoter (AdML) in vitro using a HeLa cell nuclear extract.
cause this result might have been affected by impurities (A) Native MeCP2 purified from brain was incubated with AdML in that MeCP2 preparation, we repeated the experiment reporter before transcription was initiated. The amount of MeCP2 using the affinity-purified material. Native MeCP2 was is indicated in g. Transcripts were detected by primer extension preincubated with an unmethylated or methylated reto give a product of 85 nucleotides (arrow). Lane C is a negative porter that contained the adenovirus major late (AdML) control in which transcripts were not added to the primer extension mix.
promoter. HeLa nuclear extract and ribonucleotide tri-(B) As above, but using MeCP2 fusion proteins expressed in bactephosphates were added to initiate transcription, and the ria. A diagrammatic representation of recombinant GST-MeCP2 fuamount of product was measured by primer extension. sion proteins is shown below, including intact MeCP2, MeCP2 with
In the absence of MeCP2, transcription from methylated an internal deletion in the methyl-CpG binding domain (⌬99-126), DNA was slightly lower than that from unmethylated and MeCP2 with a large C-terminal deletion (1-162). MeCP2 is shaded and MBD is shown in black.
DNA ( Figure 1A ). This is probably due to the presence ( Figure 1B ). Once again, methylated template was re-
The expected product of 85 nucleotides is indicated by arrow. All pressed in the presence of MeCP2, whereas nonmethylpanels are derived from the same gel and the same autoradiographic exposure.
ated template was not repressed. Moderate stimulation of transcription from the nonmethylated template was problem, we replaced MBD with the DNA binding domain of the yeast transcription factor GAL4 and assayed observed in the presence of fusion MeCP2. Methylationdependent repression was also observed with a reporter for the ability of this fusion protein to repress a reporter gene that contained GAL4 binding elements. A reporter driven by the human ␤-actin promoter. MeCP2 eliminated transcription from the methylated construct, but was constructed by insertion of five GAL4 binding sites into a BglII site upstream of the ␤-actin promoter in the weakly stimulated transcription from its nonmethylated counterpart (not shown).
reporter p␤␤geoN/B, resulting in p␤G5BglII (Figure 2A ). Effectors were constructed by fusing parts of MeCP2 To test whether these effects were associated with binding of MeCP2 to methylated DNA, a modified bactewith the GAL4 DNA binding domain (Figure 2A ). Expression of the effectors was driven by the CMV promoter, rially expressed MeCP2 that carried a 27 amino acid deletion (⌬99-126) in the methyl-CpG binding domain and correct expression of products of the appropriate size was checked by probing Western blots with an anti-(MBD) was tested. The internal deletion is known to abolish binding to methylated DNA (Nan et al., 1996) . GAL4 antibody ( Figure 2C ) and anti-MeCP2 antibody (not shown). The effects of the GAL4-MeCP2 fusion proThe mutant MeCP2 did not repress transcription from methylated or unmethylated DNA ( Figure 1B) . Instead, teins on transcription were tested by cotransfection of increasing amounts of effector construct with reporters transcription from both templates was moderately stimulated. The results indicate that repression depends that either did or did not have GAL4 binding sites near the promoter. The results showed that a region of upon binding of MeCP2 to the reporter DNA. Stimulation appears to be an indirect effect that does not require MeCP2, when fused to the GAL4 binding site, strongly inhibited expression of p␤G5BglII. Examples of the data DNA binding. We next asked whether DNA binding is sufficient to repress in the absence of the C-terminal are shown in Figure 2B , and the results are summarized in Figure 2D . Based on the results of the deletion analyhalf of the protein. Amino acids 1-162 of MeCP2 include the MBD and bind strongly to methylated DNA in vitro sis, it was possible to map a transcription repression (TR) domain between amino acids 207 and 310 (Figure . Addition of this protein to the transcription reactions gave weak repression of the methylated 2D). To test the requirement of the entire region for repression, two internal deletions of 9 amino acids were construct in comparison with an equimolar amount of full-length MeCP2 ( Figure 1B ). This finding suggests that also made within the TR domain. Deletions of amino acids 221-229 and 241-249 both abolished repression the C-terminal half of the protein is needed for efficient repression in vitro, and it implies that the binding of activity ( Figure 2D ). The TR domain of MeCP2 is very basic, comprising 26% lysine and arginine. It is also rich protein to CpG sites is not by itself sufficient to inhibit transcription.
in nonpolar amino acids: alanine (12.5%), valine (10.5%), and proline (8%). The dependence of repression on MeCP2 binding to DNA was further demonstrated by addition of methylIt was noticeable that all constructs that contained the TR domain also weakly inhibited transcription from ated carrier DNA to the in vitro transcription reactions. Standard transcription reactions contained 0.9 g of the control plasmid that lacks GAL4 binding sites (for example, Figure 2B ). It seems unlikely that this effect is unmethylated plasmid DNA as carrier. When this was methylated at all CpGs, transcription from unmethylated due to nonspecific binding of the GAL4 domain to this plasmid, as nonspecific binding by the GAL4 domain templates was unaffected ( Figure 1D , compare lanes 1 and 3), but transcription from methylated template is very low. More likely, MeCP2 inhibits transcription indirectly by interacting with factor(s) that are needed increased somewhat even in the absence of MeCP2 ( Figure 1D , compare lanes 5 and 7), leading to equal for efficient transcription. The interactions may be inefficient when the TR domain is not tethered to DNA, but expression from methylated and unmethylated controls ( Figure 1D , compare lanes 1 and 7). This effect is probamay be similar in kind to those responsible for repression by bound TR domain. bly due to removal of low levels of MeCP1 in the transcription extract that weakly inhibited the methylated promoter (see Boyes and Bird, 1991) . Repression of MeCP2 Can Repress Transcription methylated reporter by MeCP2 was completely reversed at a Distance by addition of methylated carrier DNA ( Figure 1D , comThe GAL4 binding sites in p␤G5BglII are approximately pare lanes 6 and 8). This shows that the methylated 400 bp upstream of the transcription start site of the promoter can be transcribed as efficiently as a nonmethhuman ␤-actin promoter. To test the effect of distance ylated promoter when MeCPs 1 and 2 are absent (see from the promoter on repression, we inserted one or also Boyes and Bird, 1991; Levine et al., 1991; Boyes two 887 bp fragments of plasmid DNA between GAL4 and .
binding sites and the promoter of p␤G5BglII ( Figure 3A ). This resulted in two new reporters, p␤-887-G5 and p␤-1774-G5, with about 1300 and 2100 base pairs of DNA MeCP2 Contains an Active Transcriptional Repression Domain separating the GAL4 binding-sites from the transcription start site ( Figure 3A ). These reporters and control reAn in vivo assay for the effect of MeCP2 on transcription in mammalian cells by transient transfection is not possiporter were tested by their response to the activator GAL4-VP16 and the repressor GAL4-MeCP2(207-492) ble, as methylation of all CpG sites in a reporter gene invariably causes complete suppression of the gene by in a transient transfection assay. As shown in Figure 3A (left panel), GAL4-VP16 stimulated expression of reportendogenous mechanisms (data not shown; see Stein et al., 1982; Boyes and Bird, 1991) . To circumvent this ers from a distance of more than 2 kb, but the efficiency of activation declined somewhat with distance. Simiplasmid. The effect of MeCP2 on transcription from these reporters was tested in an in vitro transcription larly, GAL4-TR repressed transcription at all tested distances from the promoter, and the strength of repression assay ( Figure 3B ). As before (see Figure 1 ), MeCP2 slightly stimulated transcription from fully unmethylated lessened with distance. Repression for p␤-887-G5 and p␤-1774-G5 was reproducibly about 2-fold stronger reporter (vecMϪ/pMϪ) and strongly repressed fully methylated reporter (vecMϩ/pMϩ). Plasmid constructs than that for the control p␤␤geoN/B, but was less strong (about half) than that for p␤G5BglII ( Figure 3A , right in which methylation was confined to an 800 bp XhoIBamHI fragment (see Figure 1C ) that includes the tranpanel). The results show that the TR domain of MeCP2 is capable of long-range repression.
scription start site and all known transcription factor binding sites (Reach et al., 1990; Garfinkel et al., 1990 ) The TR domain of MeCP2 can repress transcription at a distance when fused to a GAL4 DNA binding site.
in the promoter (vecMϪ/pMϩ) were repressed nearly as strongly as fully methylated constructs. Molecules in Can intact MeCP2 repress transcription when bound to methylated sites that are remote from a promoter? To which methylation was present in all parts of the plasmid except the XhoI-BamHI promoter fragment (vecMϩ/ answer this question, we used the religation procedure illustrated in Figure 3B to construct chimeric AdML repMϪ) also showed repression compared to nonmethylated controls, although the effect was less severe than porters with methylation in different parts of the circular methyl-CpG in mammalian genomes lies within this range (see Discussion).
Genome-Wide Distribution of MeCP2
Immunofluorescence staining has shown that MeCP2 is a chromosome-associated protein. In mouse, it is concentrated in heterochromatin that contains methylCpG-rich satellite DNA, whereas in rat, staining is more uniform Nan et al., 1996) . We reassessed the distribution of endogenous MeCP2 and of a stably expressed exogenous MeCP2 fusion protein in rat cells using reagents of higher specificity and extended the analysis to African green monkey and human chromosomes. Fusion protein was visualized by indirect immunofluorescence staining using anti-␤-galactosidase antibody, and endogenous protein was detected with an anti-rat MeCP2 antibody. The results are shown for Rat1A cells (Figure 5 ), but equivalent results were obtained for monkey kidney COS7 cells and human HeLa cells (not shown). In each case, MeCP2 was broadly distributed throughout chromosome arms.
MeCP2 Can Bind to Chromatin
that seen with the other methylated constructs. Since the methylation on plasmid vecMϩ/pMϪ lies outside and Displace Histone H1 Transcription factors often have difficulty in interacting the promoter region (see Figure 1C) , the effect on transcription is unlikely to be due to steric occlusion of with DNA binding sites that are wrapped in chromatin (Lorch et al., 1987; Losa and Brown, 1987 ; Laybourn transcription factors. A more likely mechanism is that MeCP2 contains an active repression domain that interand Kadonaga, 1991; Li et al., 1994) . To test whether MeCP2 is able to bind methylated DNA in a chromatin acts with the transcriptional machinery or the initiation complex to prevent transcription. The results parallel context, we assembled plasmids into chromatin using a Xenopus oocyte extract. As reported earlier (Campoy those obtained in vivo in that they show significant but weakened effects of MeCP2 on transcription when the et al., 1995), methylated and nonmethylated plasmids gave polynucleosomal chromatin with equal efficiency, DNA binding sites are remote from the promoter. The magnitude of the in vivo and in vitro effects is different, as judged by micrococcal nuclease digestion of the products (data not shown). Two plasmids of greatly difhowever, as repression appears to decline more sharply with distance in vitro. It is not clear if this is due to the fering sizes, one methylated at all CpGs and the other nonmethylated, were incubated simultaneously with the different DNA binding domains in the two experiments or to other differences between the in vivo and in vitro Xenopus extract. After assembly overnight, 32 P-labeled MeCP2 was added and the differently sized "minichroassays. mosomes" were resolved by centrifugation in sucrose gradients. The results showed that MeCP2 was able to Influence of Methyl-CpG Density on Repression The effects of DNA methylation on transcription are debind to preassembled chromatin and was specifically localized to whichever minichromosome contained termined by several parameters, including density of methyl-CpG (Boyes and Bird, 1992; Hsieh, 1994) . To test methylated DNA ( Figures 6A and 6B) . Incorporation into the nonmethylated minichromosome was negligible. whether the influence of MeCP2 was affected by this parameter, AdML reporter was methylated to different
The Xenopus extract contains a relatively small amount of a histone H1-like protein, and assembled extents by using different cytosine methyltransferases alone or in combination. Methylation by CpG methylase chromatin lacks H1 (Hock et al., 1993 ; J. C., unpublished data). To investigate whether MeCP2 can access its (M.SssI) gave a density of 7.2 methyl-CpGs/100 bp. M.HhaI and M.HpaII methyltransferases together gave binding sites in the presence of H1, we added 32 Plabeled H1 from rat kidney to the 1.35 methyl-CpGs/100 bp and separately gave 0.76 and 0.59 methyl-CpGs/100 bp, respectively ( Figure 4C ). chromatin assembly reactions. As shown previously, H1 distributed equally between methylated and nonmethylTranscription was found to be strongly dependent on the density of methylation over a range of added MeCP2 ated minichromosomes, showing no detectable preference for methylated DNA . When concentrations ( Figure 4A ). Relative transcription for differently methylated reporters in the presence of 2 g of preassembled chromatin that contained H1 was challenged with MeCP2, a specific loss of H1 label in the MeCP2 was plotted against number of methyl-CpGs/ 100 bp ( Figure 4B ). The resulting curve shows that remethylated minichromosome was observed ( Figure 6C ). This suggests that MeCP2 can displace histone H1 from pression was not linearly related to the density of methyl-CpGs, but appeared suddenly at between 0.5 chromatin in order to access its binding sites. Competition for binding sites between H1 and MeCP2 indicates and 1 methyl-CpGs/100 bp. The average density of that MeCP2, like H1, may bind to linker DNA. Further onto a different DNA binding domain without loss of function. These properties argue that the effect of work is required to determine binding sites directly.
Addition of increasing amounts of MeCP2 suggested MeCP2 on transcription is not a consequence of effects on chromatin structure per se, but is due to the presence that not all H1 could be displaced by MeCP2. Competition appeared to plateau when about 40% of resident of an active repression domain that interferes with basal or regulatory components of the transcription machin-H1 had been displaced ( Figure 6D ). It is possible that some linkers lack appropriately placed methyl-CpGs or ery. The MeCP2 repression domain has no clear homology with other known active repressors (reviewed by lack methylated sites altogether. Average repeat length in this chromatin as determined by micrococcal nuHanna- Rose and Hansen, 1996) , and the potential for interaction with transcription factors has not yet been clease digestion is 160 bp (not shown), and therefore, average linker length is about 16 bp. The smaller plasmid investigated. Repression first became evident in vitro when the density of methyl-CpGs approached about (pUC18) contains one CpG per 12 bp, on average. Thus, it is likely that a significant fraction of linkers contain one per 100 bp. Above this density, repression was invariably strong, whereas below it, transcription was no methylated site. MeCP2 would not be expected to displace H1 from this subset of linkers. not reduced. One possible explanation is that there is cooperation between MeCP2 molecules at some level. For example, one bound molecule may be insufficient, Discussion but multiple bound molecules may collaborate to achieve repression. Another possibility is that the cre-A Global Transcriptional Repressor The results described here show that MeCP2 is a tranation of extra binding sites increases the probability that an MeCP2 molecule will be close enough to the scriptional repressor whose potency depends on the density and location of methyl-CpGs near a promoter.
promoter to cause silencing. Further work is required to distinguish rigorously between these and other possiRepression works from a distance in the absence of chromatin, and the repression domain can be grafted bilities. More Binding Sites Than Protein requires treatment with very high concentrations of salt (Ͼ0.5 M), further supporting the view that most MeCP2 is It is likely that most, if not all, MeCP2 molecules are bound to their cognate binding sites in vivo. Immunoflutightly bound in the nucleus. There is more than enough methyl-CpG in genomic DNA to preoccupy all molecules orescence shows that MeCP2 is associated with chromosomes at metaphase, and in mouse, where the bulk of of MeCP2. A typical diploid nucleus contains approximately 4 ϫ 10 7 methyl-CpGs, whereas quantitative methyl-CpG is in satellite DNA, prominent foci of MeCP2 localization are apparent in interphase nuclei (Lewis et Western blots suggest that the number of MeCP2 molecules is of the order of 10 6 molecules per nucleus (6 ϫ10 6 al., 1992; Nan et al., 1996) . Release of MeCP2 from nuclei Normal Rat 1A cells or cells that had been stably transfected with a MeCP2-␤geo fusion gene (ϩ; for construct, see Nan et al., 1996) were spread for immunofluorescence analysis with anti-MeCP2 antibody or, in the case of transfectants, anti-␤-gal antibody also. The anti-␤-galactosidase antibody gave background staining on untransfected cells (not shown). DNA is stained with Hoescht 33258. (A and B) Plasmids of 2.7 kb and 14.6 kb were used to facilitate separation of assembled minichromosomes. Either the large (A) or the small (B) plasmid was methylated at all CpGs (Mϩ), and after mixing with the nonmethylated counterpart (MϪ), both were incubated with a Xenopus oocyte extract overnight. Micrococcal nuclease digestion showed the nucleosomal ladder that is characteristic of assembled chromatin (see . After assembly, 32 P-labeled MeCP2 was added, and the minichromosomes were resolved by sucrose gradient centrifugation. DNA was located by Southern blotting (band intensity), and MeCP2 was located by scintillation counting (cpm). (C) The chromatin assembly system was supplemented by addition of 32 P-histone H1, which became incorporated into methylated and nonmethylated minichromosomes equally. Addition of unlabeled MeCP2 reduced incorporation of H1 into the methylated minichromosome compared with an identical aliquot that was not treated with MeCP2. (D) Effect of increasing concentrations of MeCP2 on preincorporated H1. molecules per nucleus in brain) (X. N., unpublished data). Riggs and Pfeifer, 1992) and at certain imprinted genes (reviewed by Razin and Cedar, 1994 ). An interesting conEven if binding were to be confined to internucleosomal linker DNA, it seems unlikely that MeCP2 could saturate sequence of repression without full site-occupancy is that in vivo footprinting would be unlikely to detect the its available binding sites in the genome. Direct evidence for an excess of binding sites over protein comes from presence of MeCP2. Successful in vivo footprinting depends on nearly complete occupation of specific sites transient transfection of cultured mouse cells. Overexpressed MeCP2 shows clear localization to heterochroand would not detect the low occupancy per site predicted here. Thus, the absence of in vivo CpG footprints matic foci, indicating that there are many sites left unoccupied by endogenous MeCP2 (Nan et al., 1996) . in a methylated CpG island (Pfeifer et al., 1990) does not necessarily rule out the presence of MeCP2. The excess of binding sites over protein makes it likely that no two homologous chromosomes will show the Specific protection of methylated sites against nuclease attack was detected in mouse nuclei (Antesame distribution of bound MeCP2. The degree of MeCP2-mediated repression experienced by a region quera et al., 1989) . The effect was particularly pronounced in brain, which is also the tissue where we of the genome will therefore vary between homologous chromosomes, depending on the proximity of the nearest MeCP2 (Figure 7) . When the concentration of MeCP2 is high, as it is in brain, the environment is likely to be consistently repressive in methylated regions of the genome. On the other hand, CpG islands, which are methylation-free, will be consistently free of repression (Figure 7) . When the MeCP2 concentration is low, a region of bulk genomic DNA will experience, on average, little repressive effect. The extent of global repression due to MeCP2 is therefore dependent on the abundance of MeCP2 in that nucleus.
Repression is also dependent on the local density of and HindIII digestion of pG5E4T (Lin et al., 1988; Kerrigan et al., is due to their protection by bound MeCP2.
1991). This fragment was blunt-ended and inserted into BglII site (upstream of human ␤-actin promoter) of p␤␤geoN/B (Nan et al., 1996) , 1994) . Evidence suggests that the removal or remodin Figure 3B .
eling of nucleosomes near a promoter is a prerequisite
Purification of MeCP2 from Rat Brain
for assembly of a functional transcription complex (reMeCP2 was isolated from rat brain nuclei essentially as described viewed by Struhl, 1996) , presumably because this re- column was washed with 3 vol of 20 mM imidazol in 0.5 M NaCl
Vertebrates, unlike invertebrates, have CpG methylation buffer. Fusion protein was eluted using 0.4 M imidazol containing throughout the genome (Tweedie et al., 1997) . As a re-0.5 M NaCl, 10 mM sodium phosphate (pH 7.2), and 10% glycerol. ate promoters.
l of NTP mix (5 mM each of ATP, CTP, GTP, and UTP) and allowed to proceed for 60 min at 30ЊC. Reaction was stopped by adding 100 l of stop solution (20 mM EDTA [pH 8], 0.2 M NaCl, 1% SDS, Experimental Procedures and 0.25 mg/ml glycogen) and 300 l of 0.3 M sodium acetate. Samples were extracted once with phenol:chloroform and once with Construction of Plasmids pCMV-GAL4 was constructed by insertion of a blunt-ended 0.9 Kb chloroform. After precipitation, samples were dissolved in 5 l of water. The level of transcription was determined by a primer extenHindIII fragment from pGBT9 (Clontech) into the BamHI site of pCMV-Bam-Neo (Baker et al 1990) . The resulting plasmid was used sion assay according to the Promega protocol. Primers TAGCGCAG
